We investigate the local and line-of-sight overdensities of strong gravitational lens galaxies using wide-area multiband imaging from the Hyper Suprime-Cam Subaru Strategic Program. We present 41 new definite or probable lens candidates discovered in Data Release 2 of the survey. Using a combined sample of 87 galaxy-scale lenses out to a lens redshift of z L ∼ 0.8, we compare galaxy number counts in lines of sight toward known and newly-discovered lenses in the survey to those of a control sample consisting of random lines of sight. We also compare the local overdensity of lens galaxies to a sample of "twin" galaxies that have a similar redshift and velocity dispersion to test whether lenses lie in different environments from similar non-lens galaxies. We find that lens fields contain higher number counts of galaxies compared to the control fields, but this effect arises from the local environment of the lens. Once galaxies in the lens plane are removed, the lens lines of sight are consistent with the control sample. The local environments of the lenses are overdense compared to the control sample, and are slightly overdense compared to those of the twin sample, although the significance is marginal. There is no significant evidence of the evolution of the local overdensity of lens environments with redshift.
1. INTRODUCTION Strong gravitational lensing is a useful tool for studying the distribution of matter in the universe. The lensing effect arises from the total mass distribution along the line of sight (LOS) -including both baryonic and dark matter -and is generally dominated by the primary lensing mass.
Thus, lensing is a unique probe of the mass structure of lens galaxies (e.g., Treu et al. 2006; Koopmans et al. 2009; Auger et al. 2010; Sonnenfeld et al. 2013b ). Strongly-lensed quasars can also be used to probe the Hubble constant (H 0 ) through a measurement of their time delays (Refsdal 1964) , independent of and complementary to other probes such as the cosmological distance ladder (e.g., Freedman et al. 2012; Riess et al. 2016 ). The latest constraints from time-delay lenses Wong et al. 2017b; Bonvin et al. 2017) show a higher H 0 value than Planck CMB measurements, highlighting the importance of this independent probe. However, lenses do not exist in isolation, but are embedded within the large-scale structure of the Universe, including both the local lens environment and uncorrelated structure in projection. The lensing signal is perturbed by the integrated effect of the LOS mass distribution from the observer back to the source redshift, z S . Most of these perturbations are small and can be either ignored or approximated as a tidal perturbation (c.f., McCully et al. 2017) , but the presence of significant perturbers such as groups and clusters (e.g., Momcheva et al. 2006; Wong et al. 2011; Wilson et al. 2016 Wilson et al. , 2017 Sluse et al. 2017) or the combined effect of multiple perturbers can lead to biases in lens modeling if unaccounted for.
If strong lenses are randomly distributed on the sky, these effects should average out over a sufficiently large sample. On the other hand, these LOS structures could potentially boost the lensing efficiency and cause lenses to lie along biased lines of sight (e.g., Oguri et al. 2005) . In addition, the mass surface density of perturbers along the LOS, which we refer to as external convergence (κ ext ), is unconstrained from lens modeling due to the mass-sheet degeneracy (e.g., Falco et al. 1985; Gorenstein et al. 1988; Saha 2000; Schneider & Sluse 2013; Xu et al. 2016 ). κ ext does not average out, but in-stead leads to a bias on the inferred H 0 from time-delay lensed quasars if unaccounted for (e.g., Collett et al. 2013; Greene et al. 2013; McCully et al. 2014 McCully et al. , 2017 .
In order to use strong lens galaxies to infer the generic properties of typical galaxies, it is necessary to ascertain whether lenses are in unbiased lines of sight and have environments that are representative of the underlying galaxy population. The Sloan Lens ACS Survey (SLACS; Bolton et al. 2006 ) studied over 100 galaxy-scale strong lenses and found that their structural properties are consistent with that of similar early-type non-lens galaxies (Bolton et al. 2008 ) and reside in similar local environments ). However, the SLACS sample is primarily at low redshift (z L ∼ 0.2) and is selected through spectroscopic identification of background sources. It is not known whether this holds true for lenses selected by broadband imaging at higher redshifts, where the clustering and bias properties of galaxies may differ from those selected by SLACS.
Using Hubble Space Telescope (HST) imaging, Fassnacht et al. (2011) studied the lines of sight toward 20 known strong lens galaxies, using galaxy number counts to evaluate the LOS overdensity relative to a control sample of randomly chosen lines of sight. This study found that the LOS toward lenses tends to be overdense, but much of this effect arises from the local environment of the lens galaxies, which are biased toward massive elliptical galaxies and are known to cluster (e.g., Dressler 1980) . Once the local lens environment is corrected for, the relative densities of the lens LOS are not significantly different from the random sample, which is consistent with results from cosmological simulations (Hilbert et al. 2007 ). However, this study had several limitations, including the small sample size of lenses and the relatively small field of view of the HST Advanced Camera for Surveys, which only allowed for a maximum aperture radius of 45 ′′ over which to evaluate the LOS. In addition, there were uncertainties arising from cosmic variance due to a small control sample of truly random fields, as a larger contiguous control field was itself found to be biased. Furthermore, this study lacked galaxy redshifts to distinguish the contribution of the local lens environment from projected structure along the LOS, instead relying on a statistical correction based on galaxy clustering results.
Using deep multiband imaging data from the ongoing Hyper Suprime Cam Subaru Strategic Program (HSC SSP; Aihara et al. 2018a) , we have recently discovered dozens of new gravitational lenses as part of the Survey of Gravitationally-lensed Objects in HSC Imaging (SuG-OHI; Sonnenfeld et al. 2018) project. With the sample of SuGOHI galaxy-scale lenses (hereafter "SuGOHI-g"), we use the high-quality imaging from the HSC SSP to overcome the technical limitations of the Fassnacht et al. (2011) analysis and study lines of sight toward strong lenses in much more detail than has been possible in the past. The deep multiband imaging provides accurate photometric redshifts (Tanaka et al. 2018 ) for distinguishing galaxies in the local lens environment from those projected along the LOS. In addition, the SuGOHIg sample includes lenses up to z ∼ 0.8, allowing us to study lens environments to higher redshifts than was previously possible with the SLACS sample, and to compare them to non-lens galaxies of similar redshifts and masses.
Finally, detailed analyses of individual SuGOHI-g lenses may require ancillary data, and it will be useful to consider which lenses are likely to be impacted by overdense environments or lines of sight when deciding which systems to prioritize for such follow-up observations. This paper is organized as follows. We describe the HSC SSP imaging data and BOSS spectroscopic data used in this study in Section 2. In Section 3, we present newly-discovered lens candidates in Data Release 2 of the HSC SSP. We describe our sample selection of lenses for this study, as well as our selection of twin galaxies and control fields in Section 4. In Section 5, we describe our methodology for calculating the density of the local environment and the LOS. We present our main results in Section 6 and summarize our conclusions in Section 7. Throughout this paper, we assume Ω m = 0.3, Ω Λ = 0.7, and h = 0.7. All magnitudes given are on the AB system.
2. DATA 2.1. Hyper Suprime-Cam Imaging Data The HSC SSP (Aihara et al. 2018a ) is an ongoing imaging survey with the Hyper Suprime-Cam (HSC; Miyazaki et al. 2012 Miyazaki et al. , 2018 Furusawa et al. 2018; Kawanomoto et al. 2018; Komiyama et al. 2018 ) on the Subaru Telescope. The Wide component of the HSC SSP will observe a ∼ 1400 deg 2 area in the grizy bands to a depth of i = 26.2. The data used in this study are taken from Data Release 2 of the HSC SSP, which comprises data taken through the S17A semester and covers 776 deg 2 in all bands, including 289 deg 2 to the full depth. The median i-band seeing of the data is ∼ 0.
′′ 6. The data are reduced with hscPipe version 5.4.0 , which is based on the Large Synoptic Survey Telescope (LSST) pipeline (Axelrod et al. 2010; Jurić et al. 2015) .
The photometric redshifts used in this analysis are determined using the mizuki algorithm (Tanaka 2015) . A description of its application to the HSC SSP data is presented in Tanaka et al. (2018) . The robustness of the photometric redshifts is a function of galaxy redshift and brightness, and are quantified in terms of ∆z/(1 + z ref ), where ∆z ≡ |z − z ref | and z ref is a reference redshift. The galaxies that we use to quantify the environment and LOS effects are brighter than i = 24. Roughly 97% of these galaxies have a photometric redshift of z ≤ 2, which is approximately the median source redshift expected for lenses discovered in similar imaging surveys (Collett 2015) . For HSC SSP galaxies that are brighter than i = 24 and that are assigned a photometric redshift z phot ≤ 2, mizuki has a photometric redshift scatter of σ conv = 0.047 and a catastrophic outlier rate (defined as the fraction of objects such that ∆z/(1 + z true ) > 0.15) of 9.0%.
BOSS Spectroscopic Data
Our sample of strong lenses using various search algorithms (Section 4.1) is based on a pre-selection of candidate lens galaxies. These candidates are taken from the Baryon Oscillation Spectroscopic Survey (BOSS; Dawson et al. 2013 ), a component of the Sloan Digital Sky Survey III (SDSS-III; Eisenstein et al. 2011 ). The BOSS sample consists of the LOWZ subsample (primarily z < 0.4 LRGs) and the CMASS subsample (primarily 0.4 < z < 0.7 LRGs). The initial sample of SuGOHIg lenses used the BOSS Data Release 12 (Alam et al. 2015) . The lens galaxy velocity dispersions used in this study come from Data Release 14 (Abolfathi et al. 2017 ).
NEW LENS CANDIDATES IN DATA RELEASE 2
OF THE HSC SSP The SuGOHI-g sample of lenses are found through a combination of several lens search methodologies, which are described in Sonnenfeld et al. (2018) . The primary search method is the YattaLens algorithm, which searches for arc-like features around massive galaxies and fits simple lens models to evaluate the likelihood of those systems being lenses. The new lens candidates discovered in Data Release 2 of the HSC SSP and presented here are found with YattaLens.
We run YattaLens on 31,286 massive galaxies in BOSS and find 772 lens candidates, 131 of which are in the LOWZ subsample and 641 of which are in the CMASS subsample. These candidates are visually inspected by the coauthors and individually graded using the following scheme:
• Grade A: definite lenses In total, we find 7 new lenses with an average grade of A, 34 with an average grade of B, and 159 with an average grade of C. The full list of candidates, including grade C systems, can be found online 16 . We present newly-discovered lenses with an average grade of A or B in Table 1 . We show images of the grade A lenses in Figure 1 and the grade B lens candidates in Figure 2 . The BOSS spectra are visually inspected to identify emission lines from the lensed source, and thus measure the source redshift. However, we are only able to measure the source redshift for one system in the new sample of grade A or B lenses.
SAMPLE SELECTION FOR ENVIRONMENT
AND LINE-OF-SIGHT ANALYSIS 4.1. Lens Sample The sample of lenses used in this study includes the previously discovered candidates from Sonnenfeld et al. (2018) along with new candidates discovered in Data Release 2 (Section 3). We only use lenses whose average grades are A or B (definite or probable lenses). To increase our sample size of lenses, we also include previously-known lenses in our sample. We search the Master Lens Database 17 (Moustakas et al. in preparation), selecting for systems with a grade of A or B where the lensing object is a galaxy (as opposed to a galaxy group or cluster).
The Master Lens Database uses a grading scheme qualitatively similar to our own, and many of the lenses have follow-up HST imaging and/or spectroscopically-confirmed source redshifts, so we expect these to be real lenses with high confidence. We add two additional known lenses in the survey area, HSCJ142449-005321 (the "Eye of Horus"; Tanaka et al. 2016 ) and H-ATLAS J090740.0-004200 ("SDP.9"; Negrello et al. 2010) . We further include two new grade A and B galaxy-scale lenses that have subsequently been discovered by the Chitah algorithm (Chan et al. 2015) . These were originally classified as grade C lenses by Sonnenfeld et al. (2018) , but were given higher grades by the classifiers in Chan et al. (in preparation) .
We manually remove systems where there is clearly more than one galaxy contributing to the strong lensing (i.e., there are multiple galaxies within the region enclosed by the lensed images). Some lenses outside of the SuGOHI-g sample do not have velocity dispersion measurements from BOSS, while others have measured velocity dispersions smaller than 100 km s −1 or larger than 400 km s −1 , indicative of significant errors in its measurement. We do not include these lenses in our analysis since we cannot build a sample of twin galaxies for them, but we can still calculate their local and LOS environments. Our final lens sample, which we refer to as the "main sample", contains 87 lenses with a mean lens redshift of z L = 0.514 and is presented in Table 2 . For completeness, we show the results for individual lenses not in the main sample in Appendix A.
Twin Sample
We construct a sample of "twin" galaxies for comparison with the lens sample in a manner similar to that of Treu et al. (2009) . We select galaxies from the BOSS DR14 using the same selection criteria as for the preselected galaxies used as targets for the YattaLens algorithm, excluding the galaxies in the lens sample itself. We then construct the twin sample based on galaxy redshift and velocity dispersion.
The strong lensing cross section of a galaxy is a steep function of its velocity dispersion (∝ σ 4 for an isothermal mass profile). Given this fact, a lensing-selected sample effectively selects galaxies based on their true velocity dispersion, which could result in an Eddington bias by which the measured velocity dispersions of our lens sample from BOSS are systematically low. This would result in our selection of the twin sample to select less massive galaxies than the lenses if we did a simple matching based on measure velocity dispersion. The expected velocity dispersion of a galaxy (assuming a singular isothermal sphere profile) is
We can then compare the expected velocity dispersion to the lenses' measured velocity dispersions from BOSS.
We have a subsample of 10 lens systems in which we have measured source redshifts and Einstein radii from the literature, and thus can compare their expected σ SIS to their measured velocity dispersion from BOSS. Of these 10 systems, nine of them have a σ SIS larger than their measured σ with a mean difference between the two quantities of ∼ 15%. While this subsample is small, it suggests that this bias is real. For the SLACS sample, Bolton et al. (2008) find that σ/σ SIS ≈ 0.948 be- fore correcting for differences in the physical sizes of the SDSS fiber aperture at the lens redshift. This likely has a smaller influence in our sample due to our higher mean lens redshift, and the magnitude of the effect does not seem large enough to explain this bias. Thus, we must account for this effect when selecting the twin sample.
For each lens galaxy, we assume the probability distribution of its velocity dispersion is a Gaussian with a mean and scatter given by the value and uncertainty from BOSS. We then weight this distribution by σ 4 and renormalize, taking the mean of the new distribution to be the "corrected" velocity dispersion. On average, the corrected lens galaxy velocity dispersions are ∼ 13% higher than the measured values. For each lens, we then randomly pick ten twin galaxies that have a spectroscopic redshift such that ∆z/(1 + z L ) ≤ 0.01 and a velocity dispersion that is within 10% of the lens galaxy's corrected velocity dispersion. We also enforce a condition that half of the twins have a smaller velocity dispersion and half have a larger velocity dispersion than that of its corresponding lens to minimize bias from the slope of the galaxy velocity dispersion function. The same galaxy can be selected more than once if it is a "twin" of more than one lens galaxy. Our final twin sample contains 870 galaxies, of which 855 are unique.
Control Fields
We select random control fields from the HSC SSP by randomly selecting patches (12 ′ ×12 ′ square regions) from the survey patch catalog, then selecting random coordinates within that patch. The chosen locations are taken to be the center of each control field. Patches that have imag psf depth < 24 are excluded in order to remove fields that do not have a similar depth to the lens fields. We also exclude patches that do not have a defined PSF magnitude depth in the other four filters, indicating that it lacks coverage in all five bands. The control sample consists of 100 random fields that meet these criteria, which is a large enough sample to obtain good statistics within a reasonable computation time. In principle, the randomly chosen control fields can overlap with each other or with the lens and twin fields, but we verify that none of the fields overlap to within a 120 ′′ radius.
Correction for Survey Gaps
The HSC SSP area has gaps due to survey edges, chip gaps, bright star masks, etc. To account for this, we use the HSC SSP random point catalog , which contains randomly sampled points in the survey region that are flagged in the same way as the objects. The random points are drawn with a density of 100 points per arcmin 2 . When evaluating galaxy number counts within our selected apertures, we use the random point catalog to correct the raw counts, N , by a scaling factor to account for occulted area in the aperture. We define the effective number counts as
where r ap is the radius of the chosen aperture and N rand is the number of points from the random catalog in the aperture. For small apertures and/or bright magnitude limits where the galaxy density is more sparse, this correction can lead to a bias toward higher N eff in individual fields if most of them do not contain galaxies in the survey gaps (Cooper et al. 2005) , but the ensemble results over the entire sample should be unbiased. If N rand /(100πr 2 ap ) < 0.75, we exclude that field from the calculation for that particular aperture and lens redshift. Rusu et al. (2017) similarly excluded fields from their analysis of the field of the time-delay lens HE 0435-1223, testing a cut of both 0.5 and 0.75, and finding that the results were insensitive to the choice of masked fraction threshold.
QUANTIFYING LINE-OF-SIGHT AND LOCAL
ENVIRONMENT OVERDENSITY 5.1. Galaxy Selection To evaluate local and line-of-sight densities, we select galaxies from the HSC SSP catalog that satisfy the following criteria, which are defined in Bosch et al. (2018) :
• i extendedness value > 0
• i cmodel mag ≤ 24.0
• merge peak i = True We further require that galaxies lie in patches that have observations in all five bands, even if not to the full survey depth, as the photometric redshifts are less reliable without measurements in all filters. The galaxy magnitudes used in this analysis are cModel magnitudes, which are measured by fitting galaxy models convolved with the point spread function (PSF) to the light profile of the object (Abazajian et al. 2004 ). The photometric redshift and i-band magnitude distributions of galaxies selected by these criteria within r ≤ 120 ′′ of all control fields are shown in Figure 3 .
For our calculation of N eff , we select points from the random point catalog using the following criteria:
• isprimary = True 
Line of Sight Structure
We quantify the density of a line of sight by the effective galaxy number counts, N eff , brighter than a limiting i-band magnitude and within a projected radial distance r ap of each lens. We exclude galaxies that are within 2.
′′ 5 of the lens and twin samples to remove any background galaxies strongly affected by magnification bias (e.g., Fassnacht et al. 2011) , and exclude a similar region from the centers of the control fields so that we are comparing similar volumes. We test aperture sizes of r ap = {30 ′′ , 60 ′′ , 90 ′′ , 120 ′′ } and limiting magnitudes of i ≤ {21.0, 22.0, 23.0, 24.0}. Collett et al. (2013) suggest that galaxies projected further than 120
′′ from a lens galaxy and fainter than i = 24 are unlikely to make a significant contribution to the external convergence. These limits also encompass the aperture sizes and limiting magnitudes tested by Rusu et al. (2017) in evaluating the external convergence in HE 0435-1223.
To separate the contribution of the local lens environment from the LOS, we remove galaxies that are close to the lens in redshift. We define N LOS eff to be N eff calculated without counting the galaxies that have photometric redshifts such that ∆z/(1 + z L ) ≤ 0.05. The threshold of 0.05 is taken to be a conservative estimate of the typical scatter of the mizuki photometric redshift algorithm out to i = 24 when applied to HSC SSP data (Tanaka et al. 2018) .
We can calculate the fractional overdensity of a lens LOS relative to a random LOS by normalizing N eff by a factor of N cont eff , which is the mean N eff across all control fields for the same aperture size and limiting magnitude. To ensure that we are comparing equivalent volumes, we exclude a redshift slice of width ∆z/(1 + z L,rand ) ≤ 0.05 centered on a randomly drawn lens redshift for each control field when calculating N cont eff . The uncertainties are taken to be the combination of Poisson error on N Note. -New lens candidates in Data Release 2 of the HSC SSP. Columns 4 and 5 list the lens and source redshift (when measured), respectively. Column 6 lists which subsample of BOSS LRGs the lens galaxy belongs to. Column 7 indicates the grade of the candidate.
and N rand in the calculation of N eff , along with the error on the mean of N cont eff . This is a conservative estimate, as Poisson error on N dominates the uncertainty budget. For certain applications, it may be useful to have the uncertainties that do not include Poisson error on N (e.g., Rusu et al. 2017 ), so we show these values in Appendix B. We ignore Poisson uncertainties in the N eff calculations for individual control fields, as it is negligible in comparison to the sample variance.
Local Lens Environment
To evaluate the local overdensity in the environment of a lens or twin galaxy, we use a standard measure of environment, Σ 10 (e.g., Dressler 1980; Cooper et al. 2006; Treu et al. 2009 ), defined as
where D p,10 is the projected distance in Mpc to the tenth nearest neighbor that is brighter than i = 24 and has a redshift within ∆z/(1 + z L ) ≤ 0.05 of the lens redshift. Cooper et al. (2005) find that D p,10 is a reasonable estimator of local galaxy environments over a broad range of scales and is reasonably robust to survey edge effects. We correct the Σ 10 values for the survey geometry using the random object catalog to calculate a scaling factor as in Equation 2, using r ap = D p,10 . The absolute Σ 10 values depend on the chosen magnitude cut and lens redshift, so in practice, we use a normalized density, Σ 10 / Σ cont 10
, where Σ cont 10 is the mean Σ 10 evaluated at the center of each of the control fields at the same redshift as the lens being considered. We take the uncertainty on this relative density measure to be the combination of Poisson error on n = 10 in the calculation of Σ 10 and the error on the mean of Σ cont 10 , Note.
-The values represent P AD , the significance level at which the null hypothesis that the samples are drawn from the same parent distribution can be rejected. Values in italics are significant at greater than the 2σ level, while values in bold are significant at greater than the 3σ level.
similar to Treu et al. (2009).
6. RESULTS AND DISCUSSION 6.1. Lens Lines of Sight We show normalized histograms of N eff for the lens, twin, and control lines of sight in Figure 4 . Each panel represents a different aperture size and magnitude cut. In general, the lens and twin lines of sight have higher N eff than the control sample. We quantify the significance of these differences using a 2-sample Anderson-Darling test, from which we calculate P AD , the significance level at which the null hypothesis that the two samples are drawn from the same parent distribution can be rejected (i.e., a lower P AD means that it is less likely that the null hypothesis is true). Commonly accepted significance levels are P AD < 0.05 (2σ) or P AD < 0.003 (3σ). We perform this test in a pairwise manner among the lens, twin, and control samples for each of the aperture sizes and magnitude cuts. These results are shown in Table 3 .
Our results show that the lens and twin samples are consistent with each other and any differences are of marginal significance, as would be expected if lenses are representative of the underlying population of galaxies of similar masses and redshifts. Furthermore, the lens fields (as well as the twin fields) show a distinct difference in their N eff distributions compared to the control fields, with the lens fields skewed toward higher density lines of sight. This is consistent with the results of Fassnacht et al. (2011) . The overdensities of each lens's line of sight relative to the control sample is given in Table 4 .
We then exclude galaxies close to the lens and twin galaxies in redshift space to examine the LOS effects alone. As mentioned in Section 5.2, we randomly draw a lens redshift from our sample of lens galaxies and exclude objects within a redshift slice centered on that redshift. This way, we are comparing fair volumes across samples in our calculation. Figure 5 shows the N eff histograms excluding those within our chosen redshift cuts. Table 5 shows the corresponding P AD values.
Once the local environment of the lens galaxies are excluded, they are generally consistent with the control sample, particularly for larger aperture sizes where shot noise has a smaller effect. This result affirms that of Fassnacht et al. (2011) , showing that lenses do not lie along biased lines of sight. This is also consistent with the findings of Collett & Cunnington (2016) that show that lensed quasars have external convergence contributions of κ ext < 0.01 on average when considering just the projected LOS structure. There does appear to be a slight excess in the lens and twin samples, particularly at small r ap and/or bright limiting magnitudes where Poisson uncertainty due to small number statistics can be an issue. These excesses are not statistically significant in most of the individual panels of Figure 5 but appear consistently. We discuss a possible origin of this effect in Section 6.3.3.
Local Lens Environments
We compare the distribution of normalized Σ 10 values of the lens and twin samples in Figure 6 . The mean Σ 10 / Σ cont 10 for the lens and twin samples relative to the mean of the control fields are 2.68 ± 0.20 and 2.36 ± 0.07, respectively. This shows that the local environments of both lenses and their twins are more overdense than random, as expected. This also suggests a slight enhancement in the local density of lens galaxies than twins. A 2-sample Anderson-Darling test of the two samples shows a P AD = 0.005, which is marginally significant but cannot conclusively rule out lenses not exhibiting a particular bias in their local environment. Treu et al. (2009) also find a slightly higher Σ 10 / Σ cont 10 for a sample of lowerredshift SLACS lenses compared to their twin sample, but with larger uncertainties and a lower significance. The relative overdensities of each lens are given in Table 4 .
With the longer redshift baseline of the SuGOHI-g sample compared to previous lens samples, we investigate whether the relative overdensity of lens environments shows any trend with redshift. In Figure 7 , we plot the normalized Σ 10 values as a function of lens redshift for the individual systems. There is considerable scatter, but we fit a power law to the points using the methodology of Kelly (2007) to account for intrinsic scatter. The solid blue line is the best fit relation, with the blue band representing the 68% pointwise confidence interval. We cannot rule out weak evolution, but the slope is still consistent with no redshift evolution in the relation.
6.3. Possible Sources of Systematic Error 6.3.1. Contamination by Stars Although the star/galaxy classification should be reliable to i ∼ 24 (Aihara et al. 2018b) , we check for possible contamination of our galaxy sample by interloping Milky Way stars that may not have been excluded by our extendedness cut. To do this, we plot the mean N eff for a limiting magnitude of i = 24 within r ≤ 120 ′′ of each control field as a function of distance from the Galactic equator, |b|, in Figure 8 . If there is contamination from Note.
-Relative LOS overdensities are calculated for a magnitude limit of i ≤ 24. Overdensities are normalized by the mean values across all control fields. The uncertainties include Poisson uncertainties in the calculation of lens field quantites and error on the mean in the control fields. Figure 4 , but with galaxies in the lens plane removed for the lens and twin samples, and an equivalent cut made for the control sample by randomly drawing lens redshifts for each control field. The three samples are now generally consistent, indicating that lenses do not lie along biased lines of sight once the local environment has been accounted for. There is still an excess in the lens and twin samples in the smallest rap bin. We discuss a possible origin of this effect in Section 6.3.3.
stars, there should be a higher galaxy density at lower Galactic latitude. In fact, there is no such effect, suggesting that our extendedness cut is adequately selecting galaxies.
Magnification Bias
One might suspect that since lenses reside in locally overdense environments, there may be enhancement or depletion of LOS galaxy number counts due to lensing magnification effects. The direction and size of the effect depends on the logarithmic slope of the cumulative number counts of background galaxies at the limiting magnitude being considered. For a log slope steeper than the lensing-invariant slope of s = 0.4, there should be an enhancement, while for a log slope shallower than s = 0.4, there should be a depletion (e.g., Chiu et al. 2016) .
In Figure 9 , we plot the cumulative number counts as a function of limiting magnitude for all galaxies within an aperture of r ≤ 120 ′′ centered on the control fields that have a photometric redshift higher than the mean redshift of the lenses in our sample. We find that the log slope at i = 24 is s = 0.40, which matches the lensinginvariant value, implying that magnification bias is not a significant effect. The slope steepens toward brighter limiting magnitudes, so in principle there could be a Note.
-The values represent P AD , the significance level at which the null hypothesis that the samples are drawn from the same parent distribution can be rejected. Values in italics are significant at greater than the 2σ level, while values in bold are significant at greater than the 3σ level. The mean and standard error of each distribution is given in the upper right corner, along with the P AD value. The lens galaxies have a slightly higher local overdensity than the twin galaxies, although the significance is marginal.
slight enhancement in the galaxy number counts at these brighter limits due to magnification effects. However, this will be diluted by lower-redshift galaxies that are either unaffected by magnification from the lens galaxy and its local environment (since they are in the foreground) or have a low lensing efficiency (since D LS /D S is small). This effect is also offset by the fact that samples of brighter objects will contain a higher fraction of objects at lower redshift.
We run a simple test to determine how large an effect lensing magnification could have. Using the Gravlens -Normalized Σ 10 distributions for the individual SuGOHI-g lenses (black points) as a function of lens redshift. The black dotted line represents an density equal to that of a random field. For comparison, we plot the SLACS result of Treu et al. (2009) at the mean redshift of their sample (red square), although we note that they use a variable magnitude cut, so their results may not be exactly analogous to ours. The blue line and shaded region represents the best-fit power-law relation and 68% pointwise confidence interval using the methodology of Kelly (2007) . We cannot rule out weak evolution, but the slope is still consistent with no redshift evolution in the relation. The effective number counts are not systematically higher at low Galactic latitudes, suggesting that our extendedness cut is adequately selecting galaxies.
software (Keeton 2001) , we generate a mass model consisting of an NFW halo (Navarro et al. 1997 ) at z = 0.514, which is the mean redshift of our main lens sample. The halo is given a mass of 10 14 M ⊙ , which would represent a lens environment that is more massive than typical, but is still plausible given the velocity dispersion and stellar mass range of our lens sample. The halo concentration parameter for this halo mass is taken from the results of simulations by Zhao et al. (2009), and we -Cumulative number counts as a function of limiting magnitude for all galaxies within an aperture of r ≤ 120 ′′ centered on the control fields that have a photometric redshift higher the mean redshift of the lens sample, z ≥ 0.514. The logarithmic slope of the cumulative number counts at i = 24 is s = 0.40. This matches the lensing-invariant slope of s = 0.4, so there magnification bias arising from overdensities associated with the lens environment should have a minimal effect.
assume an ellipticity of ǫ = 0.3. We calculate a sourceplane magnification map centered on this model for a source redshift of z S = 1.0, which is close to the mean photometric redshift of the galaxies in the control sample that are at higher redshift than our assumed lens redshift. We then place galaxies from the control sample, which should be unbiased on average, at random locations on the source plane between 2.
′′ 5 ≤ r ≤ 120 ′′ and calculate their apparent magnitude after being magnified. We compare the number density of galaxies in the unmagnified and magnified cases after accounting for depletion of source area in the fixed aperture due to lensing. We find that even in this aggressive scenario that represents a rich lens environment, the typical effect is a < 1% change in number counts at i ≤ 23, with a likely comparable change at i ≤ 24 given the relatively constant slope in Figure 9 . We repeat this test for a 10 15 M ⊙ halo, which represents an extreme cluster environment, and find a similarly small enhancement. We therefore conclude that the effect of magnification bias on galaxy number counts is negligible in the context of this study, although we cannot necessarily extend this to deeper surveys or lens samples with a significantly different redshift distribution.
Effect of Photometric Redshift Outliers
The photometric redshifts used in our analysis have a scatter and a possibility of catastrophic outliers, as described in Section 2.1. Since lenses reside in locally overdense environments, we intuitively expect that redshift outliers will lead to an underestimate of the local overdensity of lens galaxies since more galaxies will scatter out of the lens plane than will scatter into it. To demonstrate this, we show a simple model. We then allow for photometric redshift outliers and assume that the global outlier rate applies to both the lens and control fields. Let f in be the fraction of LOS galaxies that scatter into the lens plane, and f out be the fraction of galaxies in the lens plane that scatter out of the lens plane and into the LOS. Our intuitive conjecture is that the measured relative overdensity is smaller than the true overdensity. In other words, we expect that
Multiplying through Equation 4 by the denominators of both sides and eliminating common factors, this simpli-
Rearranging to separate the lens field and control field quantities, we get
Equation 6 is simply the statement that lenses lie in locally overdense redshift planes relative to a random control field, which our results have already demonstrated. Therefore, our conjecture that photometric redshift outliers will lead to an underestimate of the relative local overdensity of lenses is true, making our results conservative. Conversely, this means that there will be a bias in the calculation of N LOS eff such that lens and twin fields will have slightly higher measured values compared to the control sample, i.e., the fact that Equation 4 is true necessarily means that
To estimate the magnitude of this effect, we first define y to be the true overdensity in the lens plane,
For small ∆z/(1 + z L ), we can make the approximation f in ≈ 0 because the total outlier fraction for LOS galaxies is small (of order ∼ 0.1) and the likelihood of an outlier scattering into the lens plane is small (of order ∼ ∆z/(1+ z L ) ∼ 0.1), so their product is small. We can then define x to be the measured LOS overdensity (the left-hand side of Equation 7) under this approximation,
We can then rearrange Equation 10 to calculate the true LOS overdensity,
f out should be similar to the global value of galaxies that scatter beyond ∆z/(1 + z L ) = 0.05 and, given the typical 1σ redshift scatter, is approximately f out ≈ 0.3. N y 2, and x ≈ 1, thus 0.5 (y − x) 1. Therefore, the bias due to photometric redshift outliers is a few percent, which may explain the statistically similar but consistently larger LOS overdensities in the lens fields relative to the control fields in Figure 5 .
Magnitude-dependent Clustering Effects
Our adoption of a simple magnitude cut may lead to a systematic effect in our calculation of the relative overdensities of the local lens environments. Although our normalization of Σ 10 by the average density of the control fields for an equivalent redshift slice should mitigate this, there could still be a second-order effect since galaxy clustering strength is known to be stronger for brighter and more massive galaxies (e.g., Zehavi et al. 2005) .
In Figure 10 , we plot the relative overdensities of our lens sample against the same quantity calculated using galaxies at i ≤ 23. When calculated with the brighter magnitude limit, most of the relative overdensities remain consistent within the uncertainties, and there is no systematic trend toward higher overdensities. Therefore, there does not appear to be a bias arising from our choice of magnitude cut.
CONCLUSIONS
We have presented newly-discovered SuGOHI-g lens candidates from Data Release 2 of the HSC SSP. In total, we find 41 promising new candidates, comprising 7 "definite" (grade A) lenses and 34 "probable" (grade B) lenses.
Using these data, along with previously known and discovered lenses in the survey, we have studied lines of sight of 87 strong gravitational lens galaxies to investigate whether they are overdense in comparison to random lines of sight in the Universe. This study improves on a past analysis by Fassnacht et al. (2011) by taking advantage of the substantial area and multiband nature of the HSC SSP, which allows us to use photometric redshifts to accurately distinguish galaxies in the local lens environment from LOS galaxies in projection. Our results are in agreement with Fassnacht et al. (2011) in that lens galaxies lie in overdense LOS compared to random, but this effect can be explained by the overdense local environments of lenses. Once the galaxies in the lens plane are removed, the lens LOS overdensities are consistent with the control sample. There may be -Normalized Σ 10 distributions for individual SuGOHIg lenses calculated using galaxies brighter than i ≤ 23 as a function of the same quantity calculated using galaxies brighter than i ≤ 24. Most of the normalized Σ 10 values remain consistent within the uncertainties, and there is no systematic trend toward higher overdensities. Therefore, there does not appear to be a bias arising from our choice of magnitude cut. a magnification bias due to the overdense lens environments, but the effect is likely small and is not strong enough to influence our results. Photometric redshift scatter can lead to a slight overestimate of the lens fields' LOS number counts, but this is likely only a few percent effect.
We have also investigated the local environments of lens galaxies by comparing them to both a random control sample and a sample of "twin" galaxies that are matched in redshift and velocity dispersion. This extends the work of Treu et al. (2009) , who used the SLACS sample that had a mean lens redshift of z L = 0.2, out to a redshift of z L = 0.8. We find that lenses have denser local environments than random fields at the same redshift. There is indication that their environments are slightly more dense than the twin galaxies, although the statistical significance is marginal, in agreement with Treu et al. (2009) . A bias in the velocity dispersion measurements of the lens galaxies may explain this result, but higherprecision velocity dispersion measurements are needed for confirmation. There is no evidence for redshift evolution in the relative overdensity of lens environments.
We have calculated the local and LOS relative overdensities for known galaxy-scale lenses in the HSC SSP through Data Release 2. These quantities will be valuable for evaluating the potential effects of external structure and biases that can arise in lens modeling from those effects, as well as for studying the relationship between the environments of lens galaxies and their physical properties as inferred from lens modeling. This work will also inform future studies of this lens sample in terms of follow-up strategies and prioritizing optimal targets.
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APPENDIX

LENSES NOT IN THE MAIN SAMPLE AND COMPARISON WITH PREVIOUS STUDIES
Some known lenses are not included in our main sample because they either do not have BOSS spectroscopy or do not have reliable velocity dispersion measurements from BOSS (Section 4.1), so we cannot select a sample of twin galaxies for them. There may also be previously known lenses that are contained within the survey area, but that were not in the lens selection function. These lenses are listed in Table 6 . However, we can still calculate N eff and the local environment overdensity for these systems. For completeness, we present these results in Table 7 . Although these systems could have been used in the parts of our analysis that did not make a direct comparison to the twin sample, we exclude them in order to maintain a consistent main sample throughout. Some of these lenses (as well as some lenses in the main sample) may also have independent velocity dispersion measurements, but for consistency, we only use the velocity dispersions from BOSS.
We note that two lenses outside of our main sample, SDSS J0924+0219 and SDSS J1226−0006, are also in the Fassnacht et al. (2011) sample. Our calculated relative LOS overdensity is consistent with theirs for SDSS J1226−0006, but slightly lower than their value (1.20 in a 45 ′′ radius aperture) for SDSS J0924+0219, although their errors are likely large due to their small control sample. The Fassnacht et al. (2011) study goes to a deeper limiting magnitude of m F814W ≤ 24.25 on the Vega magnitude system, which could also affect the number counts (C. Fassnacht, private communication) .
Among our entire sample (including those outside the main sample), there are eight lenses that overlap the Treu et al. (2009) SLACS sample. Our calculated relative local overdensities for six of those systems are consistent with their results within the 1σ uncertainties. Of the two systems where our results do not agree, SDSS J0935−0003 is consistent within 2σ, and SDSS J1250−0135 is in a dense cluster environment at a low redshift of z = 0.087 where the mizuki photometric redshifts have a higher catastrophic outlier rate (Tanaka et al. 2018) .
RESULTS WITHOUT INCLUDING POISSON ERROR ON NUMBER COUNTS
Tables 4 and 7 present the LOS and local overdensities of individual lens systems and their associated uncertainties. Those uncertainties are very conservative since we include Poisson error on the raw counts, N , which are the main contributor to the error budget. However, there may be certain applications of these overdensities where greater precision is desired, so we reproduce those values with uncertainties that do not include Poisson error on N in Tables 8  and 9 . We still account for Poisson error in N rand and the error on the mean of the control sample. 
